Background: Aging is associated with functional decline of neurons and increased incidence of both neurodegenerative and ocular disease. Photoreceptor neurons in Drosophila melanogaster provide a powerful model for studying the molecular changes involved in functional senescence of neurons since decreased visual behavior precedes retinal degeneration. Here, we sought to identify gene expression changes and the genomic features of differentially regulated genes in photoreceptors that contribute to visual senescence. Results: To identify gene expression changes that could lead to visual senescence, we characterized the aging transcriptome of Drosophila sensory neurons highly enriched for photoreceptors. We profiled the nuclear transcriptome of genetically-labeled photoreceptors over a 40 day time course and identified increased expression of genes involved in stress and DNA damage response, and decreased expression of genes required for neuronal function. We further show that combinations of promoter motifs robustly identify age-regulated genes, suggesting that transcription factors are important in driving expression changes in aging photoreceptors. However, long, highly expressed and heavily spliced genes are also more likely to be downregulated with age, indicating that other mechanisms could contribute to expression changes at these genes. Lastly, we identify that circular RNAs (circRNAs) strongly increase during aging in photoreceptors.
Background
The incidence of ocular disease increases with age leading to an increase in reported visual impairment from 5.7% in 18 -44 year old people to 21% in people older than 75 years [1] . Whereas theories of aging in the eye have traditionally focused on the role of oxidative damage to the genome and mitochondrial dysfunction [2] , changes in expression of genes in the aging retina could also contribute to the age-associated increase in disease susceptibility [3] . Photoreceptor neurons, and in particular rod photoreceptors, which comprise the major retinal cell type in humans, show age-associated decreases in both visual function and in number [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Loss of rod photoreceptors is the major factor leading to ocular diseaseassociated blindness [15] . Microarray analysis of aging mouse rod photoreceptors indicates that gene expression changes begin as early as five months of age in rodents, preceding pathological changes by two years [12, 13] . Thus, gene expression changes precede the onset of visual dysfunction and disease. Identifying these signature early gene expression changes could therefore provide the opportunity to prevent or delay the onset of ocular disease.
As in humans, the fruitfly Drosophila melanogaster shows visual senescence, defined as a progressive decline in visual function with age. While young flies are attracted towards light and show positive phototaxis, this phototactic behavior decreases with age [16] [17] [18] . Moreover, the rate of visual senescence is influenced by genetic variation [16] , indicating that genetic factors regulate the age-related loss of visual function. Here, we sought to identify gene expression changes and the genomic features of differentially regulated genes in aging photoreceptor neurons that contribute to visual senescence.
Since the retina is comprised of multiple cell types, we focused our analysis on the outer photoreceptor neurons in Drosophila, R1 -R6 cells. These six outer photoreceptor neurons share several key functional similarities with human rods. First, both cell types represent the majority of photoreceptors in the retina, function in dim light, and express a single rhodopsin protein, Rhodopsin 1 (Rh1) [19] . Second, phototransduction in both human rods and in R1 -R6 photoreceptor cells initiates with the light-induced isomerization of photosensitive rhodopsin [20] . The rapid life cycle of Drosophila, coupled with our ability to genetically label and isolate photoreceptors in an intact organism, permitted us to examine the photoreceptor transcriptome at multiple time points during aging, prior to the first signs of retinal degeneration. Here, we show that subsets of genes in photoreceptor neurons are age-regulated. We find that combinations of sequence motifs and gene characteristics such as gene length and exon content identify ageregulated genes. Further, we show that circular RNAs (circRNAs) accumulate in aged photoreceptors. Together, these data indicate that targeting gene expression mechanisms might provide a way to slow the rate of visual decline associated with aging and thereby delay the onset of ocular disease.
Results

Visual function declines with age independent of retinal degeneration
In this study, we sought to identify gene expression changes in aging photoreceptor neurons that could contribute to visual senescence. While decreased visual behavior is observed by 3 -4 weeks of age, little retinal degeneration is observed in wild-type flies at these ages [16, 17, 21, 22] . We directly compared retinal degeneration, phototaxis and lifespan in Rh1-Gal4 > KASH-GFP flies to identify an age at which flies show decreased visual behavior in the absence of either retinal degeneration or significant morbidity. Male flies were used for all experiments because sex-specific differences have been reported for both phototaxis and visual senescence [16, 17] . Similar to observations from other groups [22] , we found that 99.6% and 99.2% of rhabdomeres in the outer photoreceptors (R1 -R6) are intact in male flies at day 10 and day 40 post-eclosion (emergence from the pupal case), respectively (n = 5; Fig. 1a ). Rhabdomere loss is observed during retinal degeneration in flies, and provides a stringent measure of photoreceptor health; thus, we conclude that there is no significant retinal degeneration by 40 days post-eclosion. In addition, 93% of male flies survived until day 40 under our standard laboratory conditions with 12:12 h light/dark cycles ( Fig. 1b ). While we did not observe significant morbidity or retinal degeneration by day 40, we did observe a significant decrease in positive phototaxis in male day 40 flies compared to day 10 flies using a two-choice T-maze assay (Fig. 1c ). Significantly decreased phototaxis was also observed in day 25 flies relative to day 10; however, day 25 flies also showed more variability in phototaxis as compared with either the day 10 or day 40 flies, suggesting that these flies are more heterogeneous with respect to visual behavior. Although older flies are known to have decreased locomotion [17] , the T-maze assay minimizes the effect of locomotive behavior on phototaxis since flies are presented with a single choice between light and dark [23] . In addition, published reports show that the agerelated increase in visual senescence reflects visual behavior rather than locomotion [16] . Thus, day 40 flies show decreased visual behavior in the absence of retinal degeneration, indicating that cellular function is compromised in the aging eye.
Transcriptome profiling of photoreceptor neurons
The Drosophila eye consists of repeating units termed ommatidia that each contain about 20 different cells including eight photoreceptor neurons [24, 25] . We sought to profile the transcriptome of aging photoreceptors to identify genes that show age-dependent changes in expression in this visual cell type. Photoreceptors are highly polarized epithelial cells that extend axons to the neuropils in the brain [24] . To profile the photoreceptor transcriptome, we examined nuclear RNA, which has been shown to correlate well with levels of active transcription [26] . To do this, we labeled photoreceptor nuclei with nuclear membrane-localized GFP (KASH-GFP). Whereas the outer photoreceptors (R1 -R6) express Rh1, the inner photoreceptors (R7 and R8) express Rh3/4 and Rh5/6 respectively [19, 27] . We labeled R1 -R6 photoreceptors using Rh1-Gal4 [28] driven UAS-KASH-GFP. The Klarsicht, Anc-1, Syn3-1 homology (KASH) domain of Msp300 localizes GFP to the cytoplasmic face of the nuclear membrane, allowing subsequent affinity-enrichment of labeled nuclei with GFP antibodies coupled to magnetic beads ( Fig. 1d) [29, 30] .
To determine the enrichment of our target nuclei versus nonspecific background levels, we mixed equal numbers of flies that expressed either KASH-GFP or KASH-mCherry in photoreceptors under Rh1-Gal4 control, and generated head homogenates in which an equal number of GFP-and mCherry-labeled nuclei were present. We then performed GFP affinity-enrichment, and measured GFP and mCherry transcript levels in the pre-isolation (head homogenate) and post-isolation samples by qPCR. We observed 82 ± 22 fold enrichment of GFP transcripts in the post-isolation samples, with no corresponding increase in mCherry levels, demonstrating that the affinity-enrichment of GFP-labeled nuclei is highly specific (Additional file 1: Figure S1A ). Next, we profiled the transcriptome of affinity-enriched GFPlabeled nuclei from 10 day old male flies using Illumina sequencing (RNA-seq) and compared this to the corresponding pre-isolation samples. The post-isolation samples for each of the three biological replicates grouped together by principal component analysis and were distinct from each of their respective pre-isolation samples (Additional file 1: Figure S1B ). Using edgeR, we identified 447 post-enriched and 444 post-reduced genes (False Discovery Rate, FDR < 0.05, fold change, FC > 2) (Additional file 1: Figure S1C , Additional file 2: Table S1 ). showing the percentage of viable Rh1-Gal4 > KASH-GFP male flies at each age (n = 345). c Box plots showing the light preference indices (positive phototaxis) for Rh1-Gal4 > KASH-GFP flies at day 10, 25 and 40 (n = 13 experiments; 27 -33 male flies/experiment). p value, normally-distributed data were analyzed using ANOVA followed by Tukey's honest significant different (HSD) post hoc test. d Photoreceptor R1 -R6 nuclei in each ommatidium were labeled with nuclear membrane-localized GFP in Rh1-Gal4 > KASH-GFP flies. Affinity-enriched GFP-labeled nuclei bound to antibody-coated magnetic beads are shown in the two lower panels. DAPI, blue; GFP, green. Schematic of the RNA-seq experimental design is shown in the right panel. Graphic generated by authors ontology (GO) term analysis of the 447 photoreceptor post-enriched genes identified terms including phototransduction, calcium signaling and retina homeostasis (Additional file 1: Figure S1D , Additional file 3: Table S2 ). In contrast, the post-reduced genes were enriched for a variety of metabolic pathways. Consistent with a depletion of cytoplasmic and mitochondrial RNAs in affinity-enriched nuclear RNA, 11 of 13 detected mitochondrial-encoded genes were significantly reduced in the post-isolation samples. These data demonstrate that RNA isolated using our approach is highly enriched for nuclear RNA transcribed in the target cell population.
Surprisingly, we identified the GO term Sensory perception of sound (GO:0007605) as being significantly overrepresented in our post-enriched gene group. This GO term shares a number of common gene members with the GO terms describing phototransduction and light response including the R7 -R8 rhodopsins Rh5 and Rh6 (Additional file 1: Figure S1D ). The auditory organ (Johnston's organ: JO) in Drosophila is composed of a sound receiver and an auditory sensory organ that contains mechanosensory neurons [31] . Intriguingly, several genes that function in phototransduction are expressed in the auditory organ including Arr2, Rh3, Rh5, Rh6, inaD, trp and trpl [32] . Since, Rh1 transcription is restricted to R1 -R6 photoreceptors, which do not express other rhodopsins [27, [33] [34] [35] [36] [37] , we hypothesized that expression of Rh1-Gal4 in mechanosensory neurons could account for the observed enrichment of R7 -R8 rhodopsins in our study. To determine if Rh1-Gal4 was expressed in antennae, we purified total RNA from dissected heads, eyes, antennae and bodies of Rh1-Gal4 > KASH-GFP flies and examined Rh1 and GFP transcript levels by qPCR. In line with our hypothesis, we found that both Rh1 and GFP genes are expressed in the antennae at~10 -20% levels found in the eye (Additional file 1: Figure S2 ). This therefore accounts for enrichment of R7 -R8 photoreceptor-specific markers such as Rh3 and Rh5 in our affinity-enriched photoreceptor nuclei. We note that similar enrichment of R7 -R8 rhodopsins was previously reported by Yang et al. who profiled R1 -R6 mRNAs by expressing polyAbinding protein under Rh1-Gal4 control and purifying bound-mRNAs from whole heads [38] . Since there are approximately 9600 outer photoreceptor neurons and 1000 mechanosensory neurons per head [25, 39] , we conclude that using Rh1-Gal4 > KASH-GFP flies, our approach predominantly enriches photoreceptor neurons, but that~10% of our enriched nuclei are most likely contributed by mechanosensory neurons.
Age-related changes in the photoreceptor transcriptome
To identify genes that show age-regulated expression in photoreceptors, we affinity-enriched Rh1-Gal4 > KASH-GFP labeled nuclei from adult male flies. To avoid changes in gene expression associated with the transition from development to adulthood, and to identify changes in gene expression that contribute to decreased phototaxis between day 10 and 40, we profiled the photoreceptor nuclear transcriptome at 10, 20, 25, 30 and 40 days post-eclosion ( Fig. 1d ). We obtained similar RNA yields across each time point (Additional file 1: Figure S3A ) that yielded an average of 32 million highquality paired-reads for each biological replicate (n = 3). We discarded one sample (day 30 replicate 3) due to poor alignment. We then analyzed the RNA-seq time series data using maSigPro, which is a generalized linear model-based approach [40] . Utilizing maSigPro and multiple time points enabled us to identify genes with robust expression changes that correlate strongly with chronological age. Notably, maSigPro has a much lower false positive rate for time series data when compared with pair-wise differential expression methods such as edgeR [41] . Using maSigPro, we identified 604 age-regulated genes (FDR < 0.05). To limit the age-regulated genes to those that were expressed specifically in photoreceptors, we excluded 49 age-regulated genes that were significantly reduced in the post-isolation samples from day 10 flies (Additional file 2: Table S1 ). Thus, 555 genes were differentially expressed with age in Drosophila photoreceptors (Additional file 4: Table S3 ). This differential expression did not reflect differences in the relative GFP-labeling of photoreceptors and mechanosensory neurons because GFP mRNA and protein levels in the eye did not change with age (Additional file 1: Figure S3B ,C). Moreover, we did not observe consistent patterns of change in expression of neuronal celltype specific genes during aging (Additional file 1: Figure S3D ). Further, 5 of 7 selected age-regulated genes showed significant differences in expression between day 10 and 40 in dissected eyes from male flies and in independent affinity-enriched samples by qPCR (Additional file 1: Figure S4 ). Thus, the majority of age-regulated genes identified are differentially expressed in photoreceptors. Phototaxis differs between male and female flies with one study reporting 20% lower phototaxis in females at 4 weeks, while another showed 10% higher phototaxis at the same age [16, 21] . Further, a recent study has shown that agerelated changes in gene expression in the retina differ between male and female mice [42] . To test if female flies showed similar patterns of gene expression changes in aging photoreceptors, we examined a subset of the age-regulated genes by qPCR in female eyes. We observed the same trends in gene expression for the age-regulated genes examined between day 10 and 40 in dissected eyes from male and female flies (Additional file 1: Figure S4 ). However, these gene expression changes were not significant in the female flies due both to high variability in the young samples, and to smaller magnitude of changes between young and old eyes. Thus, we conclude that gene expression changes in aging photoreceptors are likely similar between male and female flies, but that female flies might show delayed onset of these gene expression changes compared with males.
We next characterized the direction and temporal pattern of the changes in gene expression for the ageregulated genes. To do this, we used k-means clustering to group the 555 age-regulated genes based on their temporal pattern of gene expression. We found that the age-regulated genes clustered into 11 expression clusters, whose changes in relative gene expression over age were best described by second degree polynomial equations ( Fig. 2a ). Only moderate improvement was obtained from using higher order polynomials or by increasing the number of clusters used for k-means clustering (Additional file 1: Figure S5A ). We next determined the overall direction of the change in gene expression for age-regulated genes in each clusters based on the slope of the fitted curve: using these criteria, 288 age-regulated genes were upregulated, and 267 age-regulated genes were downregulated by day 40 (Additional file 1: Figure S5B ). We then determined when the change in gene expression occurred: early clusters showed maximal changes in expression between days 10 and 20, late clusters between days 30 and 40, while the middle clusters showed little to no change in the rate of expression (slope) throughout the time course. Most of the downregulated genes were found in the early clusters, with only 39 genes (cluster 11) being downregulated late. In contrast, only 44 of the upregulated genes fell into an early cluster, while 154 upregulated genes were in late clusters. Thus, the temporal expression clustering suggests that most age-related changes in gene expression in photoreceptors do not occur gradually or linearly. Instead, most downregulated genes showed the highest rates of changes in gene expression at the earliest stages of the aging process, while more than half of upregulated genes increased later during aging. These data suggest that distinct mechanisms underlie the changes in gene expression observed in these subsets of age-regulated genes.
Aging is associated with upregulation of stress-inducible genes and downregulation of genes required for neuronal function
Next, we asked if the gene expression changes observed in aging photoreceptors could contribute to the observed visual senescence between day 10 and days 25 and 40. GO term analysis of the upregulated genes revealed an enrichment for genes indicative of an induced stress response such as DNA repair and the unfolded protein response ( Fig. 2b , Additional file 5: Table S4 ). In contrast to the upregulated genes, the downregulated genes were enriched for GO terms including ion transport, synaptic transmission and behavior ( Fig. 2b , Additional file 5: Table S4 ). Further analysis using DAVID [43] identified additional functional categories associated with the age-regulated genes; we then examined published reports to identify specific age-regulated genes involved in these processes which could potentially impact visual function (Fig. 2c ).
In-depth analysis of the age-regulated genes revealed that multiple genes in the DNA damage response pathway were upregulated with age including those that function in non-homologous end-joining repair (mre11, rad50, Ku80 and mus308) and in translesion DNA synthesis (mus205 and DNApol-eta) [44] [45] [46] . Genes that encoded enzymes with antioxidant properties, such as the thioredoxin reductase Trxr-1, and antioxidant genes involved in glutamate metabolism, such as GlnRS, isoQC and QC, were also upregulated with age [47] [48] [49] [50] . We also observed increased age-associated expression of chaperone genes (Cct1, Cct4, Cct5, Cct6, Hsc70-4) and the unfolded protein response transcription factor Xbp1, consistent with an induction of the unfolded protein response [51] [52] [53] . Under stress conditions, there is a translational switch that favors production of stressrelated proteins while decreasing translation of other proteins [54] . Paralogs of canonical translation factors such as NAT1 and Rack1, which were both upregulated, promote this switch to cap-independent translation [55, 56] . Notably, Rheb, which is downregulated with age, positively regulates ribosome production and capdependent translation by activating the mechanistic target of rapamycin (mTOR) kinase pathway [57] . Thus, decreased Rheb levels during aging could decrease mTOR pathway activity, which extends lifespan and is protective against age-related pathology [58] . Together, these data suggest that multiple genes are induced in aging photoreceptors to mitigate the effects of oxidative stress, protein misfolding and DNA damage.
In contrast to the upregulated genes, many of the genes that were downregulated with age are required for the proper response to light in photoreceptors. For example, sodium and potassium ion channels, such as those encoded by Atpα, Sh, shakB and Shal, are required for the sensitivity and dynamic range of photoreceptors in response to bright light [59] [60] [61] [62] . In addition, ion channels, such as Sh, and genes such as Csp, Hdc and Sap47 are necessary for proper synaptic function, which is required to transmit the light signal from the retina to the brain [63] [64] [65] [66] . Further, calcium-binding proteins such as Cpn function in photoreceptors to buffer potentially toxic levels of intracellular calcium induced by prolonged phototransduction [67] [68] [69] [70] . Several other genes including Hexo1, α-Man-Ia and Tsp42Ej encode proteins required for post-translational modification or degradation of Rh1 [71, 72] . Notably, mutations that prevent either processing of Rh1, or degradation of activated endocytosed Rh1, cause retinal degeneration [72] [73] [74] [75] . In addition to genes that are necessary for photoreceptor function, some of the age downregulated genes have been directly shown to impact phototaxis including Ace, slgA and Rheb [76] [77] [78] . Together, these data show that the cumulative downregulation of genes involved in processes required for photoreceptor function could indeed account for the decrease in vision we observed by days 25 and 40.
Intriguingly, functional analysis using DAVID showed an enrichment for RNA processing and transcription in both the up-and downregulated genes. Several splicing factor genes including ps, Saf-B and SC35 were downregulated with age [79, 80] . In contrast, hrg, which encodes the single poly(A) polymerase enzyme required for mRNA polyadenylation in flies [81] , is upregulated with age. Further, whereas AGO1, which regulates microRNA-induced silencing is downregulated with age, AGO2, which regulates small interfering-RNA silencing is upregulated [82] . AGO2 has been linked to repair of double-stranded DNA breaks [83] , suggesting that changes in expression of some RNA processing factors might occur as part of the stress response. In addition to genes involved in RNA processing, a large number of genes that encode transcription factors or transcriptional regulatory proteins were age regulated. Some of these transcription factors could control expression of other age-regulated genes. For example, the calcium-regulated transcription factor NFAT, which is downregulated with age, is required for neural development, including pre-synaptic growth, and plasticity [84] . Similarly, the transcription factor onecut that is required to maintain neuronal identity, is also downregulated with age [85] . Thus, decreases in levels of these transcription factors could contribute to downregulation of neuronal-specific genes, such as those involved in synaptic transmission. Similarly, upregulation of Xbp1 could contribute to upregulation of genes involved in the UPR, although Xbp1 activity is primarily regulated through alternative splicing [86] . In addition to transcription factors, epigenetic regulators such as the TFIID subunit Taf7 or the Set1/ COMPASS histone methyltransferase subunit Cfp1 are also age regulated [87, 88] . These data suggest that multiple factors converge to drive changes in the transcriptional landscape of aging photoreceptors.
Combinations of promoter sequence motifs identify age-regulated genes
We sought to identify factors involved in the regulation of gene expression that drive changes in the transcriptional landscape of aging photoreceptors. Since several transcription factors are themselves age-regulated, and because alterations in age-related signaling pathways converge on transcription factors, we first asked whether the age-regulated genes were targeted by common transcription factors. To do this, we examined the upregulated genes (clusters 1 -7) or the downregulated genes (clusters 8 -11) to identify shared promoter sequence motifs. We used HOMER (Hypergeometric Optimization of Motif EnRichment) [89] to identify significantly enriched (p < 0.001) sequence motifs in the promoters of age up-or downregulated genes. Using this approach, 40 significantly enriched sequence motifs were identified for the upregulated genes and 41 significantly enriched motifs were identified for the downregulated genes (Additional file 6: Table S5 ).
We then asked if the presence of any combination of the individual enriched sequence motifs were associated with a gene that is up or downregulated with age. To do this, we generated ROC (Receiver Operating Characteristic) curves to assess the ability of each individual sequence motif to identify whether a gene would be up or downregulated with age. We then compared the AUC (area under the curve) for each ROC curve; higher AUC values indicate an improved ability to identify genes that were age-regulated. Not surprisingly, no single motif provided a strong ability to identify the direction of regulation with age. However, when we analyzed combinations of promoter motifs generated by iteratively combining the motif with the highest AUC score with other motifs, we found that increasing combinations of (See figure on previous page.) Fig. 2 Age-related changes in gene expression in adult photoreceptors. a Age-regulated genes identified by time-series analysis using maSigPro (555 genes, FDR < 0.05) were clustered using k-means into 11 clusters based on temporal expression pattern (relative expression). The median expression values (circles) and fitted curves with indicated r 2 values are shown in red on the line graphs. Age-regulated genes were designated as upregulated or downregulated, and early, middle or late based on the fitted curves for their respective cluster (see Additional file 1: Fig. S4 ). b Over-represented GO terms (p < 0.01, Fisher's exact test) were identified for 288 upregulated or 267 downregulated genes relative to all 7579 expressed genes using TopGO (Additional file 5: Table S4 ). Similar GO terms were grouped based on intersecting gene members, and a single representative GO term is shown from each group in the bar plot. Enrichment score indicates the number of genes with the GO term in the target gene set versus the number of expected genes, with p-values shown to the right of each bar. c Representative functional categories identified using GO term analysis and DAVID for upregulated and downregulated genes. Selected age-regulated genes involved in the indicated functions are shown below each term based on published reports sequence motifs could strongly identify whether a gene would be up or downregulated with age ( Fig. 3a) . A combination of all 40 sequence motifs resulted in AUC values of 0.88 or 0.85 for the up and downregulated genes respectively, versus 0.58 for the control (see methods); the AUC value for the motif combination was significantly improved by the addition of a single motif for the first 14 motifs, which we termed top motifs (Fig.  3b , Additional file 1: Figure S6 ). Network analysis indicated that these top motifs co-occurred frequently with other motifs at gene promoters (Additional file 1: Figure  S7A ). Further, the top motifs showed lower clustering coefficients in the network, indicating that they co-occurred with a wider variety of the other enriched-motifs (Additional file 1: Figure S7B ). Together, these data are consistent with combinatorial activity of transcription factors at age-regulated genes, and suggest that the top motifs identified represent binding sites for transcription factors that integrate multiple types of signaling pathways during aging.
Next, we asked which transcription factors were most likely to bind the top sequence motifs. To do this, we used HOMER to compare the top motifs with known insect transcription factor binding sites including those recently identified by Nitta et al. [90] . We then asked whether the putative transcription factor matches were expressed in photoreceptors based on our RNA-seq data. A complete list of matching, expressed transcription factors is provided for all top motifs in Additional file 7: Table S6 , and the best matches for the top motifs based on score are described in Additional file 1: Figure S6 . The age-regulated genes with promoter motifs putatively bound by these transcription factors are shown in Additional file 1: Figure S8 and Figure S9 . We observed differences in the occurrence of specific motifs in each expression cluster, suggesting that different groups of transcription factors regulate early and late genes (Additional file 1: Figure S10 ). Further, several of the transcription factors that match the top motifs were themselves age regulated at the gene expression level. For example, the transcription repressor hairy (h) [91] was upregulated early during aging, and matched one of the top motifs (motif 15) identified for the downregulated genes. In contrast, the transcription activator onecut [85] , which was downregulated early during aging, matched one of the top motifs (motif 9) for the downregulated genes. The transcription factor Deformed (Dfd) was present in one of the middle upregulated gene clusters (cluster 2), and matched one of the top motifs for the upregulated genes (motif 17). Another early upregulated gene, the FOS homolog kayak (kay) that together with Jun-related antigen (Jra) forms the AP-1 transcription factor [92] , corresponded to another of the top motifs for the upregulated genes (motif 18). AP-1 acts downstream of Jun-N-terminal kinase signaling in response to UV-induced DNA damage in the Drosophila retina [93] , consistent with a putative role for AP-1 in upregulating stress-responsive aging genes such as the DNA repair gene Xrp1 (Additional file 1: Figure S9 ). Together, these data suggest that transcription factors play a key role in driving the gene expression changes observed in aging photoreceptors.
Gene length, expression and splicing correlate with age-downregulation
Several data suggest that the regulation of transcription elongation and RNA processing events could also contribute to age-related gene expression changes. Neuronal genes tend to be longer than average [94] , and are often heavily alternatively spliced [95] , implying that transcription elongation or splicing might be critical for proper expression of these genes. Expression of long genes is a b Fig. 3 Combinations of promoter motifs identify age-regulated genes. a Receiver operating characteristic (ROC) curves for combinations of promoter motifs that identify age-regulated genes. Significantly-enriched promoter sequence motifs for up-or downregulated genes were identified using HOMER (40 motifs upregulated genes, 41 motifs downregulated genes; Additional file 6: Table S5 ). ROC curves representing the diagnostic ability of each motif to identify whether a gene would be up-or downregulated were compared, and the motif with the highest area under the curve (AUC) was iteratively combined with other motifs to identify motif combinations. The maximum AUC values obtained for combinations of motifs are shown. b The AUC values for ROC curves generated by combining increasing numbers of motifs for up-or downregulated genes as described in panel A. The addition of a single motif does not significantly improve the ROC curve (p < 0.05) after the first 14 motifs; we define the first 14 motifs as the top motifs. The maximum AUC value obtained for ROC curves based on 40 randomly-assigned motifs was 0.58 (100 random iterations, see methods) more dependent on topoisomerases, which relieve transcription-induced torsional stress [96] , and on proper DNA repair because long genes stochastically accumulate more DNA damage [97] . Our data indicate that genes involved in splicing are age-regulated in photoreceptors. Notably, age-related changes in splicing, which could contribute to alterations in mRNA levels, have been observed in several studies [98] . Since the genes that are downregulated during aging include a large number of neuron-specific genes, we wondered whether a bias in their genomic features, such as gene length or number of exons, could contribute to their age-associated decline.
To examine this question, we analyzed gene length, overall expression level across all time points (RPKM), and the number of expressed exons and transcript isoforms for genes in each expression cluster C1 -C11 (Additional file 1: Figure S11 ). We used Wilcoxon Rank-Sum test to compare pair-wise differences in the distribution of gene length or other characteristics between each expression cluster and the genes that were not age-regulated (non-significant genes). Three of the 4 downregulated clusters showed significantly different distributions of gene length, expression or transcription isoform number compared with the nonsignificant genes. In each of these downregulated clusters, genes showed longer median gene lengths, higher median expression, and higher median numbers of expressed transcript isoforms. Further, 2 of the 4 downregulated clusters had significantly different distributions of exon numbers, with higher median numbers of expressed exons. In contrast, only one of the upregulated clusters showed significantly different distribution of expression (higher median expression) or transcript isoforms (smaller median number). Although increased expression level and gene length could contribute to enhanced statistical power in differential gene expression analysis [99] , we would expect this statistical power to apply equally to genes in all of the expression clusters whether they were up or downregulated. Thus, these data demonstrate that the age down-regulated genes show a bias towards long, highly expressed and heavily spliced genes.
Next, we asked if any of the characteristics that showed a bias in the downregulated gene set could identify whether a given gene would be downregulated with age. To do this, we generated ROC curves based on the ability of each characteristic, such as gene length, to identify whether a gene would be up-or downregulated (Fig. 4) . Whereas the ROC curves for gene length, expression, exon number or transcript isoforms showed no ability to identify upregulated genes, all four characteristics showed modest ability to identify downregulated genes with AUCs between 0.60 -0.74. These data suggest that long, highly transcribed genes are susceptible to downregulation with age, implying that in addition to transcription factors, other gene regulatory mechanisms might become altered with age.
circRNA levels strongly correlate with age in photoreceptors
In addition to changes in the expression of specific genes during aging, specific classes of RNA known as cir-cRNAs show increased abundance with age [100] . These circRNAs are generated from back-splicing events at known splicing sites of protein coding genes, lack free 5′ and 3′ ends, and are highly stable because they cannot be degraded by cellular exoribonucleases [101] (Fig. 5a ). While circRNA abundance has been shown to increase between day 1 and day 20 in Drosophila heads [100] , it has not been demonstrated whether circRNA abundance continues to increase linearly with age. Further, although circRNA accumulation in neurons is thought to underlie the age-associated increase in abundance, whether this accumulation can occur in the nucleus has not been demonstrated. We sought to examine whether circRNA abundance would increase linearly with age due to chronological accumulation of circRNAs in photoreceptor neurons. To do this, we used CIRI2 to identify circRNAs from our affinity-enriched photoreceptor transcriptome data [102, 103] . We identified 1209 circRNAs in the sensory neuron data with at least two counts from Table S7 ). For these circRNAs, 1095 were previously annotated [100] , and 114 were novel annotations. We quantified circRNA abundance as counts per million reads (CPM), and calculated pairwise differential expression statistics across all pair-wise comparisons. Using this approach, we identified 38 out of 315 abundant circRNAs (>6 total counts per circRNA) that were differentially expressed between day 10 and 40 (p < 0.05) (Fig. 5b , Additional file 8: Table S7 ). Thirty-five out of these 38 circRNAs increased with age, supporting an overall increase in circRNA abundance with age. Notably, there was a strong trend for circRNA accumulation that was not statistically significant most likely due to low read counts (Fig. 5b, bottom right quadrant) . When we examined levels of a subset of the identified age-regulated circRNAs in independent samples from day 10 and day 40 flies, we validated that 6/6 circRNAs that were significantly increased in the RNA-seq data also showed significant increases in expression by RT-qPCR (Additional file 1: Figure S12 ). The single downregulated circRNA examined, Eps-15, did not show significantly decreased expression by RT-qPCR. We conclude that the downregulated circRNAs identified are likely false positives, and that our analysis probably underestimates the number of circRNAs that are upregulated with age (also see [104] ).
Next, we performed pairwise comparisons to identify significantly age-regulated circRNAs between the different ages. Notably, a comparison between day 10 and day 30 or 40 identified many more significantly upregulated circRNAs than day 10 compared with day 20 or 25 (Fig. 5c ). Next, we plotted expression of all detected circRNAs that met a minimum read cutoff of one unique read per library (14 read count minimum per cir-cRNA) for all time points, and compared circRNA abundance between day 10 and each subsequent time point (Fig. 5d ). Wilcoxon rank sum test with continuity correction revealed significant increases in circRNA abundance during aging between days 10 and 25, 30 or 40, but not between day 10 and 20. Importantly, changes in levels of individual circRNAs between days 10 and 40 occurred independent of the host gene mRNA (Fig. 5e ), indicating that changes in expression of the host gene do not influence circRNA levels. Thus, we conclude that either enhanced biogenesis through increased backsplicing, or exceptional stability of circRNAs underlies their age-dependent accumulation. While we cannot distinguish between these possibilities, the genes from which abundant circRNAs are generated were significantly longer and more heavily spliced than all other genes (Additional file 1: Figure S13 ), suggesting that any alterations in splicing would be likely to affect circRNA biogenesis. Although circRNA host genes shared these characteristics (gene length, splicing) with the age downregulated genes, only 27 of the 218 genes with highlyexpressed circRNA were significantly downregulated with age, whereas 5 circRNA host genes were upregulated. Together, these data suggest that circRNA biogenesis does not substantially influence expression of most host genes.
If circRNA abundance progressively increases with age, then we would expect that overall circRNA levels would correlate with age in photoreceptor neurons. Indeed, the mean circRNA expression level (CPM) for the 35 age upregulated circRNAs correlated highly with age ( Fig. 5f , r 2 = 0.92). Because the photoreceptor transcriptome data is based on nuclear RNA, and showed lower levels of cytoplasmic transcripts such as mitochondrial genes, the increase in circRNA abundance with age is likely to reflect circRNAs that are retained in the nucleus. Together, these results suggest that the increased circRNA levels observed in aging heads may be driven by accumulation of circRNAs in neurons, including photoreceptors.
Discussion
In this study, we describe gene expression changes in aging photoreceptor neurons that correlate with visual senescence. Many genes required for neuronal function, such as those involved in ion transport or synaptic transmission, are downregulated in photoreceptors during aging. Moreover, the decreased expression of these genes begins at the earliest stages of the aging process when decreased phototaxis is first observed (day 25), and precedes the upregulation of most stress-response genes. The age-related decrease in expression of genes required for neuron function is evolutionarily conserved across a variety of organisms including flies, worms and vertebrates [105] ; the mouse retina shows decreased expression of phototransduction genes with age [106, 107] , and there is reduced expression of genes involved in synaptic plasticity in the brain of elderly humans [108] [109] [110] . Since 40 day old flies show no significant retinal degeneration, the decreased expression of genes required for neuronal function could account for the decreased phototaxis observed in these flies. Humans and rhesus macaques show much stronger age-dependent repression of neuronal genes in the brain than mice, leading to the conclusion that repression mechanisms have evolved recently [109] . However, genes involved in synaptic transmission are downregulated in our aging photoreceptor data, and in two independent studies from aging Drosophila heads [111, 112] . Similar to observations from aging gene expression studies in other tissues [98] , we observed a general upregulation of stress response genes, including unfolded protein response and DNA damage response genes in aging photoreceptors. Notably, these changes occurred mostly mid-to late in aging photoreceptors, subsequent to the downregulation of many of the neuronal-specific genes discussed above.
Interestingly, 380 of the 555 age-regulated genes in Drosophila photoreceptors have identifiable human homologs, six of which are associated with retinal disease (RetNet: http://www.sph.uth.tmc.edu/RetNet/): Cyp4c3 (CYP4V2), l(1)G0007 (DHX38), CG5291 (PDZD7), CG3662 (ITM2B), krz (SAG), and Cct1 (PCYT1A). For example, the human homolog of the age down-regulated gene Cyp4c3, CYP4V2, is associated with a recessive inherited retinal disorder, Bietti crystalline corneoretinal dystrophy that involves progressive age-associated retinal dystrophy. In addition, heterozygous mutation in ITM2B, the human homolog of the age down-regulated gene CG3662, is associated with another late-onset retinal dystrophy. The human homolog of l(1)G0007, DHX38 (PRP16), which encodes an ATP-dependent RNA helicase involved in splicing that is upregulated with age, is associated with a recessive early-onset form of retinitis pigmentosa. The age-regulated genes with human homologs associated with retinal disease provide additional candidate genes that could impact either visual function or photoreceptor survival at older ages.
Here, we show that combinations of promoter motifs strongly predict whether a gene will be up-or downregulated with age, indicating an important role of transcription factors in driving changes in the transcriptional landscape of aging photoreceptors. We find that three of the transcription factors that provide best matches to the top motifs for the downregulated genes are annotated as being negative regulators of transcription (Negative regulation of transcription from RNA polymerase II promoter, GO:0000122; rn, h, ovo) whereas seven transcription factors are described as positive regulators of transcription (Positive regulation of transcription from RNA polymerase II promoter, GO:0045944; sd, Cf2, br, ovo, onecut, SoxN, Adf1). Similarly, three transcription factors that match the top motifs for the upregulated genes are negative regulators (Dfd, dsx, Blimp-1), whereas eight are positive regulators (Dfd, Mad, kay, br, dsx, Trl, vvl, Mef2). These data suggest that alterations in both transcription activation and repression are involved in the gene expression changes observed in aging photoreceptors. We note that caution should be used in definitively assigning specific transcription factors to each of the top motifs, since some of the lower scoring transcription factor matches for particular motifs might be more biologically relevant to aging; matches assigned in this study represent highest scoring matches for expressed transcription factors. For example, the CHES-1-like transcription factor is a close match to top motifs for both the upregulated (motif 8) and downregulated (motif 19) genes, but is outscored by broad (br) in both instances (Additional file 7: Table S6 ). CHES-1-like is required for hypoxia-induced inhibition of protein translation in cultured Drosophila cells [113] , whereas broad is expressed in neurons and is required for some behaviors in Drosophila [114, 115] . Thus, both CHES-1-like and broad represent candidate transcription factors that could bind top motifs in the up or downregulated genes, and functional studies would be required to determine whether either of these transcription factors bound the target genes that we identified via motif analysis in photoreceptors. An additional limitation of the motif analysis used in this study was that we restricted our search to sequence motifs within 500 bp of the transcription start site. Many transcription factors are known to have longer range effects, and our sequence motif analysis would not identify these factors. Gene network analysis of the age-regulated genes using GeneMania reveals some additional transcription factors and signaling kinases that could be involved in the mechanisms regulating these genes (Additional file 9: Table S8 ). For example, the transcription factor crooked legs (crol) and the MAP kinase misshapen (msn) are not age-regulated at the transcript level in photoreceptors, but are highly co-regulated with the age-regulated genes in terms of physical and genetic interactions, and co-expression analysis.
One of the challenges in identifying mechanisms that could drive age-related changes in gene expression is the cellular heterogeneity present in many aging gene expression studies [98] . Previous studies of gene expression in Drosophila heads using microarrays compared ages ranging from day 1 to 80 [111, 116, 117] ; recently, ageregulated genes were also identified in heads using RNA-seq [112, 118] . A comparison of our data with the 2914 age-regulated genes identified in the most recent RNA-seq study showed an overlap of only 348 of our 555 age-regulated genes [112] . These data suggest that our cell-type specific approach identifies a subset of age-regulated genes that are masked by the cellular heterogeneity present in whole heads. However, the differences in the age-regulated genes identified might also reflect the inherent difficulty in comparing the nuclear and cytoplasmic transcriptomes. Since the nuclear enrichment strategy used in our approach biases the data towards genes that are actively transcribed, ageassociated changes in the storage pool of cytoplasmic mRNAs available for translation are not reflected in our current photoreceptor data. However, we note that our qPCR analysis of individual age-regulated genes in dissected eyes largely mirrored the results from photoreceptor nuclei. Complementary cell type-specific data on the ribosome-bound pool of mRNAs destined for translation could be obtained using the translating ribosome affinity purification (TRAP) technique, based on cell-specific expression of an EGFP-tagged ribosomal subunit [119, 120] .
Conclusion
The long-lived, post-mitotic nature of neurons makes them uniquely vulnerable to the long-term accumulation of genomic damage and oxidative stress. Here, we show that gene expression changes in photoreceptors precede retinal degeneration and correlate with observed decreases in visual function. Further, we demonstrate that the transcriptional landscape of aging photoreceptors is driven in large part by transcription factors. Notably, highly expressed, long and heavily spliced genes show a bias towards downregulation while circRNA levels increase strongly with age, suggesting that other gene expression mechanisms become altered with age.
The identification of potential regulatory mechanisms that drive changes in photoreceptors provides targets to delay gene expression changes in aging neurons, and thereby postpone the onset of ocular disease.
Methods
Fly strains, aging and phototaxis assays
Flies homozygous for KASH-GFP, P{w +mC = UAS-GFP-Msp300KASH}attP2, under the control of Rh1-Gal4 (P{ry +t7.2 = rh1-GAL4}3, ry 506 , BL8691] were raised in 12:12 h light:dark cycle at 25°C on standard fly food [121] . For aging studies, flies were collected on the day of eclosion (day 1) and transferred to fresh vials every two days. For RNA-seq studies, 400 male flies were harvested between 10 am and 12 pm on the indicated day for each time point. For the survival curve, male flies were counted every 5 days until death. For phototaxis assays, 27-33 male flies were tested per assay (n = 13 assays) using a custom-built T-maze apparatus [23, 122] with dark equilibration time of 10 min and choice time of 2 min.
Immunostaining and western blotting
Retinal degeneration was assessed by confocal microscopy of adult retinas immunostained with phalloidin (Thermo Fisher; cat# A22287) and anti-Rhodopsin 1 (1:50, Developmental Studies Hybridoma Bank, cat# 4C5). Detailed protocols are provided via PURR. Western blotting analysis was performed using 40 μg of protein extracted from dissected eyes using the following antibodies: anti-GFP (rabbit; BioVision; 1:1000; cat# 3992).
Nuclei immuno-enrichment
For each sample, 400 male adult flies were anesthetized, frozen in liquid nitrogen and stored at −80°C. For nuclei isolation, frozen flies were submitted to five rounds of vortexing and cooling in liquid nitrogen and heads were separated from thoracicoabdominal segments, wings and legs using two different-sized pre-chilled sieves (Hogentogler, 710 μm and 425 μm pore sizes). Separated heads were transferred into 1 mL of Nuclei Extraction Buffer (15 mM Hepes [Na+], pH 7.5, 10 mM KCl, 5 mM MgCl 2 ) in a Dounce homogenizer and incubated on ice for 5 min. Nuclei were extracted by using five strokes with a loose pestle, followed by an incubation on ice for 5 min and subsequent 5 strokes with a loose pestle. Head homogenate was filtered through a 40 μm Falcon cell strainer (VWR, cat # 21008-949) and immunoprecipitated with 10 μg of GFP antibody (Roche, cat # 11814460001) as previously described [29] with the following modifications: The salt concentration in the PBS wash buffer was supplemented to a final concentration of 300 mM NaCl, and five washes were conducted. Detailed protocols are provided via PURR.
RNA isolation and qPCR analysis
RNA for RNA-seq experiments was isolated using Trizol (Invitrogen). Quantitative real time PCR (qPCR) analysis for mRNA or circRNAs were performed on independent post-IP samples for day 10 and 40 relative to a standard curve of serially diluted cDNA generated using random hexamers as previously described [29] . qPCR analysis of heads, eyes, antennae and bodies from mixed flies was performed on total RNA isolated using Direct-zol RNA Micro-prep kit (Zymo Research, Cat. # R2062). Relative expression for each gene was normalized to the geometric mean of two reference genes based on MIQE guidelines [123] . Primers are listed in Additional file 10: Table S9 .
Transcriptome library construction and high throughput sequencing (RNA-seq)
The cDNA libraries were generated from 10 ng of total nuclear RNA using the NuGEN Ovation RNA seq Systems 1-16 for Model Organism (NuGEN, cat #0350). RNA was DNAse treated, and single-stranded DNA was generated using both random hexamer and oligo-dT primers, and then depleted for ribosomal DNA. The cDNA libraries were ligated to unique adaptors and multiplexed libraries were sequenced with Illumina HiSeq 2500 technology. Three biological replicates were analyzed for each sample. Day 30 sample #3 was subsequently discarded due to poor mapping. Single-end 50 bp reads were sequenced for the post and pre day 10 samples, and paired-end 100 bp reads were sequenced for all aging samples (days 10 -40).
RNA-seq data analysis
Reads were trimmed using Trimmomatic (v0.36). Quality trimmed reads were mapped to the D. melanogaster genome (BDGP6.89) using bowtie-2 (v2.3.2) and Tophat (v2.1.1). Counts were identified for each gene or exon using Htseq-count (v0.7.1) with strand-specific conditions (fr-secondstrand) and default parameters. Differential expression analysis was performed on genes with CPM > 1 in at least three of the samples. Differentially expressed genes between post and pre samples were identified using the glmTreat function in edgeR (v3.18.1) [124] with a FDR < 0.05 and FC > 2. Age-regulated genes were identified using maSigPro [40] with a FDR < 0.05 and clustered using k-means clustering based on relative mean expression values (maximum normalized count value set to one) for each time point.
Functional annotation analysis
All functional enrichment analyses were performed relative to the background gene set of all expressed genes with CPM > 1 in at least three of the samples. GO term enrichment analysis on post-enriched or reduced genes was performed using topGO (v2.28.0) [125] . Related significantlyenriched GO terms were grouped using hierarchical clustering based on shared gene members. The DAVID functional annotation tool [43] was used to identify enriched functional classes in the age-regulated genes using the default parameters. Human homologs of Drosophila age-regulated genes were identified using the RetNet Database (RetNet, http://www.sph.uth.tmc.edu/ RetNet/).
Motif analysis
Significantly-enriched promoter motifs were identified separately for up and downregulated genes using HOMER (v4.9, Hypergeometric Optimization of Motif EnRichment) [89] with the following parameters: motif length of 8, 10 or 12 bp within 500 bp upstream or downstream from the transcription start site. Motif enrichment analyses were performed relative to the background gene set of all expressed genes with CPM > 1 in at least three of the samples (7580 genes). The presence (1) or absence (0) of each of the 40 (up) or 41 (down) significantly-enriched motifs identified was determined for each gene in the background gene set, and these data were used for subsequent ROC analysis using pROC (v1.10.0) [126] . As a control, the maximum AUC computed from 100 random matrices was used. Each of the matrices were composed of 7580 rows (genes) with either presence (1) or absence (0) of a motif assigned based on random probabilities between 0 and 0.145 (the maximum number of genes in the background gene set matching to any specific motif was 14.5%). Sequence motifs were plotted using seqLogo (v1.42.0). Network analysis for co-occurring motifs was performed using igraph (v1.0.1), and for age-regulated genes using Gene-Mania [127] . To identify candidate transcription factors that bind each sequence motif, we compared the top motifs to the HOMER insect transcription factor database using the default parameters. The position weight matrices for an additional recently characterized 242 Drosophila transcription factors were added to the HOMER insect database [90] .
Gene characteristic analysis
The total gene length (including introns) was determined as the gene length of the most abundant expressed transcript isoform. Transcript abundance and exon expression (exons with count >1 in at least one sample) were determined using exon counts obtained using Htseq-count from the photoreceptors aging RNA-seq data. Expression levels (RPKM) represent mean RPKM value across all time points and samples for a given gene. Kruskal-Wallis tests were performed to identify significant differences in the distribution of gene characteristics between any group. Pairwise Wilcoxon Rank Sum Tests were then performed to identify which groups exhibited significant differences in the distribution of the examined characteristic and FDR values were determined using a Benjamini and Hochberg correction. ROC analysis was performed using pROC (v1.10.0) [126] .
circRNA analysis
Trimmed reads were also used as input for CIRI2 [102, 103] to identify circRNAs that mapped to annotated splice sites. A circRNA junction scaffold of 170 nts in length (85 nts of the downstream exonic junction and 85 nts of the upstream exonic junction) was generated for each cir-cRNA using Bedtools getfasta [128] . Reads were mapped to the circRNA junction scaffold with Bowtie2 using the following option -score-min = C,-15,0. PCR and sequencing duplicates were removed using Picard MarkDuplicates (http://broadinstitute.github.io/picard/). Custom scripts were used to ensure that reads overlapped the cir-cRNA junction by a minimum of 15 nts. Reads were assigned to individual circRNA records using Featurecounts [129] , and only circRNA records with a minimum average of 1 read per library were used for analysis (i.e. 6 read minimum across 6 libraries). Read counts were normalized to CPM to account for library size variation. For pairwise comparisons between time points, we required a minimum of one count per library (i.e. six read minimum cut-off between day 10 and 40).
Database accession numbers
RNA-seq expression data are available in the Gene Expression Omnibus (GEO) repository through GEO series accession numbers GSE93128 and GSE83431. Raw data, detailed protocols and R custom scripts used for analysis have been deposited in the Purdue University Research Repository (PURR) as a publically available, archived data set and can be accessed using https://doi.org/ doi:10.4231/R7736P29. Figure S1 . Affinitypurified nuclear RNA is enriched for photoreceptor-expressed genes. Figure  S2 . Rh1-Gal4 drives GFP expression in antennal sensory neurons. Figure S3 . Relative sensory neuron proportions and yields of affinity-purified nuclear RNA do not change with age. Figure S4 . qPCR of selected age-regulated genes. Figure S5 . K-means clustering of age-regulated genes based on temporal expression pattern. Figure S6 . Top promoter motifs that predict age-related expression changes. Figure S7 . Promoter motifs with the best predictive power co-occur frequently with a variety of other motifs. Figure S8 . Distribution of the top motifs in age upregulated genes. Figure S9 . Distribution of the top motifs in age upregulated genes. Figure S10 . Distribution of the top motifs between expression clusters. Figure S11 . Downregulated gene clusters are enriched for longer, more highly expressed and more heavily spliced genes. Figure S12 . qPCR of
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